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INTRODUCTION. 


THE alkali metals are the most compressible of the metals and it is 
therefore probable that they will show the most interesting and sig- 
nificant variations of physical properties under high pressure. I have 
previously published the results of various high pressure measure- 
ments on lithium, sodium, and potassium,! but have not examined 
the two heaviest and most compressible members of the series, 
rubidium and caesium. The reason for this omission has been two 
fold: the manipulations offer certain technical difficulties, and it is 
not easy to obtain a sufficiently large quantity of these two metals 
in a state of high purity. 

In this paper are given new results on rubidium and caesium con- 
cerning those same properties which have been previously measured 
for the three lighter metals. These properties include in the first 
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place a determination of the effect of pressure on melting up to 100° C., 
which involves the determination of the effect of pressure on the 
melting temperature and on the difference of volume between liquid 
and solid (from which the latent heat of melting can be calculated as 
a function of pressure and temperature up to 100°), secondly the 
electrical resistance of both solid and liquid phases as a function of 
pressure up to 12000 kg./cm.? at temperatures between 0° and 100°, 
and thirdly the compressibility to 15000 kg./em.? 

I have already published preliminary results on caesium which 
now appear to be incorrect.2_ I had apparently found a new modi- 
fication of caesium at high pressures which has the abnormal property 
that its resistance increases with increasing pressure. It now appears 
that the apparent transition was due to an impurity, which separated 
out of solid solution at sufficiently high pressure, or else delayed the 
ordinary freezing; actually there is no discontinuity, but instead caesi- 
um has the unique property that its electrical resistance passes 
through a minimum with increasing pressure. This property, par- 
ticularly because Cs is the most compressible of the metals, should 
be of considerable theoretical significance. Since this incorrect pre- 
liminary result I have made a large number of measurements on 
caesium in order to be quite sure of the result. In my earlier work I 
followed the universal previous practice of measuring the electrical 
properties of the metal enclosed in a glass capillary. But various ex- 
perimental irregularities showed that the constraining effect of the 
glass might be of considerable importance (for although the stresses 
which these metals can support without yield are small, nevertheless 
the variations with stress of the various properties are unusually 
high), so that eventually I was driven to making measurements on 
bare wires of rubidium and caesium. In my previous work I had 
used bare wires of lithium and sodium, but the mechanical dificulties 
in the case of the much softer metal potassium had led me to use the 
conventional glass capillaries for it. With the experience now gained 
with these still softer metals, I have now returned to potassium, and 
have repeated the measurements of the pressure effects on the bare 
wire. I find that the pressure coefficient is not very much affected, 
but the conclusions which I had previously drawn as to the effect of 
pressure on the temperature coefficient of resistance must now be 
essentially modified. These new results on the pressure coefficient 
of resistance of potassium are also given in this paper. 











PHYSICAL PROPERTIES OF RUBIDIUM AND CAESIUM. 387 


EXPERIMENTAL DETAILS. 


Preparation of the Metals. The importance and the difficulty of 
obtaining these metals in a state of high purity is not usually realized, 
and many results have been published on material of insufficient 
purity. With care in the preparation it is not difficult to obtain 
material free from metallic impurities, but the removal of oxide is a 
matter of greater difficulty. The oxide dissolves in these two metals, 
and behaves in some respects like an ordinary metallic impurity, as 
in depressing the freezing point. The usual method of preparation 
is by heating the chloride in contact with metallic calcium. It is 
comparatively easy to get the chloride free from foreign metals, but 
it is just as important that the calcium be pure, and in particular it 
should not contain any of the other alkali metals, which are difficult 
to remove at any later stage. Prepared in this way, with moderate 
heating, there is little likelihood of the rubidium or caesium containing 
other metals, but it is almost certain to contain oxide. This must 
be removed by slow distillation at the lowest feasible temperature in 
very high vacuum. Itis practically impossible to make a satisfactory 
distillation with a gas flame, but an electric oven should be used. 

The caesium used in my preliminary experiments was obtained 
from several sources. I am indebted to Professor G. N. Lewis for a 
generous supply of the metal, to Professor G. P. Baxter for a large 
quantity of highly purified chloride, and to the Research Laboratory 
of the General Electric Company for extracting the metallic caesium 
from the salt with calcium. I also obtained several grams of the 
metal from the Foote Mineral Co. All of this preliminary material, 
however, did not give satisfactory results, the best method of manipu- 
lation not having been found. The final results were obtained with 
metallic caesium from Kahlbaum. As provided by them it was 
stated to be entirely free from any foreign metals, but was obviously 
not pure, as was evidenced by the long temperature range over which 
melting took place. The caesium was provided sealed into glass tubes 
under a heavy white mineral oil. From these tubes it was transferred 
under Nujol to a distilling arrangement of Pyrex glass, and the Nujol 
washed out with petroleum ether, leaving a little ether in the ap- 
paratus, so that the metal was at no time uncovered. The glass was 
then sealed and evacuated to as high a degree as possible with a dif- 
fusion pump, heating all parts of the apparatus. A preliminary dis- 
tillation was made from the receiving chamber to the first bulb, in 
this way removing the coarse dirt. The glass container was then 
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transferred to an electric oven, where the metal was distilled from 
one bulb to the next at a temperature so low that between one and 
two hours was required for a transfer. After each transfer the va- 
cated bulb was sealed off from the remaining part of the apparatus. 
In all, five such distillations were made. At the farther end of the 
apparatus was the arrangement adapted to the special experiment in 
hand, and which will be described in detail later. This method of 
preparation was adopted for all the material used in the final measure- 
ments. 

The best test of the purity of the material (the presence of oxide 
being difficult to establish by the ordinary methods of spectroscopic 
analysis) is the sharpness of the freezing point. The most con- 
venient method is by measurements of the electrical resistance, but 
there is a danger here which must be especially mentioned, which 
has probably in the past given rise to illusory results. It is of course 
well known that the greater the purity of the metal the higher its 
temperature coefficient of electrical resistance, other things being 
equal, so that under ordinary conditions a high temperature coefficient 
is pretty good evidence of high purity. But near the melting point 
this is obviously no longer the case, because the resistance increases 
when the metal melts, and premature melting may be brought about 
by impurity, thus simulating an improperly high temperature coef- 
ficient. This source of error is important only for the low melting 
metals, and is of course especially important for rubidium and 
caesium. It is not sufficient, therefore, to measure the temperature 
coefficient of caesium between 0° and 20°, for example, and to infer 
from its high value the high purity, but the resistance must be 
measured all the way up to the melting point and into the liquid 
state, if the metal is in a glass capillary. The corners of the discon- 
tinuity on melting must not be rounded. In practice it is easy to 
distinguish a rounding of the corner due to premature melting from 
the upward curvature due to the normal accelerated increase of re- 
sistance with rising temperature, provided the purity is high, but it 
is more difficult or impossible if there is considerable impurity. 

Measurements of the temperature dependence of resistance should 
preferably be made by the method of stationary temperatures, instead 
of by the method of continually varying temperatures which is so 
often used. This latter method of necessity introduces some rounding 
of the corners due to varying temperature lag when there are such 
thermal effects as found in melting, and can be made reliable only 
by varying the temperature so slowly as to become virtually a sta- 
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tionary temperature method. The stationary temperature method, 
on the other hand, suffers from the disadvantage of not giving the 
exact melting temperature, but only shuts it between limits, which 
may be made narrower by longer experiment or greater good fortune. 
In my experiments this disadvantage was avoided by a second method 
of studying the sharpness of melting, namely by varying the pressure 
at constant temperature, measuring the volume as a function of 
pressure. Since the pressure can be manipulated much more easily 
than the temperature, and furthermore since the melting pressure 
automatically establishes itself within a certain range, it is possible to 
find exactly the melting pressure at any temperature, or to find whether 
this pressure varies with the fractional part of the metal which is 
melted, and so to study the sharpness of freezing. By both these 
tests, the freezing of the rubidium and caesium was unusually sharp, 
and the melting point so found was unusually high and presumably is 
close to the value for the absolutely pure metal. 

Rubidium was made in the same way as the caesium, except that I 
made no measurements with preliminary material, but the source of 
all my material was metallic rubidium sealed under oil into glass ob- 
tained from Kahlbaum. The distillation temperature is higher than 
for caesium, but not high enough to make necessary any change in 
the general method of manipulation. Because of its higher melting 
point it is more convenient to manipulate at room temperature. 

Experimental Methods. No new methods were necessary in making 
the measurements, but those were employed which have already been 
described in full detail. The resistances to be measured were of the 
order of a small fraction of an ohm, so that the potentiometer method 
with four leads was used which has been previously employed in 
measuring the effect of pressure on small resistances.’ 

The melting curves were traced by the method of the discontinuity 
of volume already used in connection with many melting and transi- 
tion curves.’ The apparatus was smaller than used before, and was 
in one piece instead of two, which eliminated the necessity for some 
corrections, but was in principle the same as that used before. The 
temperature limit of these measurements, 100° C., was set by the 
particular form of apparatus used. It would be interesting to follow 
the melting curve to higher temperatures (I have been as high as 275° 
with bismuth), but this would have demanded the construction of 
special apparatus, and it did not seem to me that there were any 
questions likely to be answered by an extension of the range sufficient 
to justify the construction of special apparatus for only two sub- 
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stances. On one or two occasions I also obtained the melting pressure 
corresponding to a given temperature by measurements of the elec- 
trical resistance. These results agreed with the others. 

The compressibility was measured by two methods. One was the 
method for measuring linear compressibility which I have previously 
applied to a number of metals.5 There were difficulties because of 
the extreme softness of the metals, particularly with caesium. The 
second method is that for measuring the cubic compressibility by 
determining the position of the piston of the compressing apparatus, 
which I have applied to 12 liquids,® and which has later been applied 
at the Geophysical Laboratory to a number of solids.’ The apparatus 
was on a smaller scale than that previously used, and was the same 
as that used recently in determining the compressibility of gases,’ 
by a method in all essentials the same. The pressure range was also, 
as for gases, 15000 kg./cm.”, instead of the more usual 12000. The 
measurements of the cubic compressibility and of the melting curve 
were made with the same apparatus and usually with the same filling 
of the apparatus. There were various difficulties in the compressi- 
bility measurements which make these the least satisfactory of this 
paper. It was a disappointment that these were not accurate enough 
to permit more than very rough statements about the behavior of the 
thermal expansion under high pressures. 


NUMERICAL DATA. 


The numerical data for the various effects, together with such 
detailed description as seems necessary, now follow. 


Potassium. 


Resistance. These measurements on potassium were made after 
the measurements on rubidium and caesium, and were suggested by 
the apprehension that the previous results found for potassium in a 
glass capillary might be in error because of a restraining action of the 
glass. The point of particular interest is the temperature coefficient 
of resistance at high pressures; I had found that beyond 6000 kg. the 
temperature coefficient of potassium decreases greatly.? This was 
a& unique phenomenon, the temperature coefficient of all the other 
metals measured being approximately independent of the pressure. 
I connected the unusual decrease with the unusual compressibility of 
potassium, and expected that the same effect would be found in other 
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metals at a pressure sufficiently high to produce in them a comparable 
volume compression. ‘This supposed decrease of the temperature 
coeflicient of potassium and the ideas suggested by it now turns out 
to be incorrect, the effect found being, as feared, due to the constrain- 
ing effect of the capillary. 

The potassium used in this investigation was from the same batch 
as that whose resistance, melting, and compressibility to high pres- 
sures has been previously measured. It has been kept since the 
former measurements sealed under Nujol in a small glass tube. For 
these measurements it was extruded under Nujol to a bare wire of 
about 1.5 mm. diameter. The four connections, two for current, 
and two for potential, were made by piercing through the potassium 
with very fine copper wires, looped into place. The potassium wire 
was then folded at the middle to the shape of a hairpin and placed in a 
small glass test tube filled with Nujol with the connections folded over 
the edge. Connections were now made to the three terminal plug 
in the regular way, so that everything could be screwed as one self- 
contained unit into the pressure apparatus. Before this was done 
the Nujol in the test tube was replaced with petroleum ether by 
repeatedly flushing out the tube with ether. This is necessary to 
avoid distortion effects at high pressures due to viscosity of the oil. 

Measurements were made in the first place of the temperature coef- 
ficient of resistance at atmospheric pressure from 0° to 35° and back 
again. It is to be emphasized that no measurement, either of a 
pressure or a temperature effect, on these soft and chemically active 
metals is trustworthy unless a complete cycle is made, returning to 
the starting point, because of the great liability to permanent changes 
of resistance after a change of pressure or temperature. After the 
temperature cycle above, 0° to 35° to 0° again, there was a permanent 
increase of resistance of 5%% of the total change produced by 35°. 
The mean of readings with increasing and decreasing temperature 
was taken as giving the true temperature coefficient. The relation 
between resistance and temperature is linear, and the average coef- 
ficient between 0° and 35° in terms of the resistance at 0° as unity 
was 0.00541. I previously found for potassium in glass between 0° 
and 51° a linear relation, and for the numerical value 0.00512, cor- 
rected for the volume expansion of the glass to give the temperature 
coefficient of specific resistance. The value 0.00541 found above for 
bare wire is the coefficient directly measured with terminals attached 
to the wire. The correction term to reduce from measured to specific 
resistance is the linear expansion. Assuming for this the value 
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0.00008, the best value for the temperature coefficient of specific re- 
sistance is 0.00549, about 7% higher than the value previously found 
on the same material. The difference is to be ascribed to the re- 
straining action of the glass walls, which, as temperature is raised, 
exert a pressure which lowers the resistance. It is to be noticed that 
measurements in a glass capillary may have no internal evidence of 
being incorrect, but the measurements with increasing and decreasing 
temperature usually agree, with no sign of hysteresis. This is under- 
standable over a moderate temperature range, but over a wider range 
it would be expected that the thermal stresses set up in the metal 
would produce flow, and so permanent alterations, with hysteresis. 

The pressure measurements were made in the regular way with the 
regular apparatus up to 12000 kg. at 0°, after a preliminary seasoning 
application of pressure which produced a permanent alteration of 
resistance of 6% of the change due to pressure. The temperature 
coefficient at 5000 kg. and 11300 kg. was measured by raising tem- 
perature at each of these pressures from 0° to 30° and then lowering 
again to 0°. A readily determined correction must be applied for the 
small change of pressure accompanying the change of temperature. 
This procedure is much better than that previously adopted of deter- 
mining the temperature coefficient from the results of complete 
pressure runs at different temperatures. The return to the initial 
resistance at 0° in the new measurements was complete within 0.3%, 
and considerable confidence may be felt in the temperature coefficients 
so found. 

The results are shown in Table I, which gives the relative measured 
resistance as a function of pressure to 12000 kg. at 0°, and the tem- 
perature coefficient at 1, 5075, and 11300 kg. 


TABLE 1. 

RESISTANCE OF POTASSIUM. 
Pressure Relative Resistance at 
kg./cm. 0° C. 

0 1.000 
1000 . 844 
2000 729 
3000 . 638 
4000 . 564 
5000 . 502 
6000 .451 


. 408 
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TABLE I1.—Continued. 


Pressure Relative Resistance at 
kg./cm. 0° C. 
8000 .3d2 
9000 . 340 
10000 .313 
11000 . 291 
12000 .271 


TEMPERATURE COEFFICIENT OF RESISTANCE BETWEEN 0° AND 30° C. 


At 1 kg./em.° 0.00541 
5075 .00459 
11300 .00454 


When compared with the previous results, these new pressure data 
show the effect of the constraint by the glass, as did also the tempera- 
ture coefficient at atmospheric pressure. The pure pressure effect is 
much less affected than the temperature coefficient. At 12000 kg. 
the ratio of measured resistance to that at atmospheric pressure at 0° 
is 0.271, which corrects to 0.246 for the ratio of specific resistances. 
Previously for potassium in glass, the ratio 0.275 was found at 25° 
and 0.252 at 60°. At the higher temperature the value previously 
found agrees better with the new value than the ratio at the lower 
temperature. This is consistent with the explanation as due to the 
effect of the constraint, because at the higher temperature the internal 
viscosity is less and the internal stresses will be less. The difference 
between the old and the new results is of the order of 10% as far as 
the pressure effect goes. At lower pressures the agreement is closer, 
as would be expected because of the smaller viscosity of the metal at 
lower pressures. 

The new result for the temperature coefficient of resistance at 
high pressures when compared with the previous results amounts 
however, to a result of a different order of magnitude. Previously 
I found at 12000 kg. a decrease of the temperature coefficient by a 
factor of 2.5 fold. The decrease now found is only from 54 to 45, 
and the very marked decrease formerly found beyond 6000 is now 
seen not to exist. 

The final result of these new measurements on potassium is there- 
fore to leave unchanged the generalization which I made after my 
first series of pressure measurements,!°, namely that the temperature 
coefficient is little affected by pressure. This is what would be ex- 
pected in view of the fact that the temperature coefficient of all 
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pure metals is nearly alike, because the same metal at two different 
pressures may be regarded as a special case of two different metals, 


Rubidium. 


Melting Data. Little need be added in the way of description of 
experimental detail to that already given, except the method of filling 
the apparatus. The chief difficulty is in determining the amount of 
rubidium, since it must be kept continually immersed in oil to avoid 
oxidation. Connected to the glass bulb in which the final distillation 
was made was a small test tube of about 6 mm. inside diameter. The 
rubidium was run into this, and then the top and bottom of the test 
tube broken off under Nujol. The metal was now extruded from 
the tube with a closely fitting plunger, so that a rod of rubidium 6 mm. 
in diameter was obtained. This was cut to an appropriate length, 
and the amount determined by weighing under Nujol. The density 
of the Nujol was independently determined and for the density of 
rubidium the value 1.532 of Richards and Brink" was assumed. 
From these data the amount of rubidium may be calculated. The 
rubidium was then placed inside a steel cup of test tube shape, and 
the total weight in air determined, from which the amount of oil 
included in the steel cup with the rubidium could be found (this last 
being necessary for the compressibility measurements to be made 
with the same set-up, but not for the melting determinations), and 
then it was mounted in the regular way in the high pressure cylinder 
with a known amount of kerosene. As already mentioned, the small 
apparatus used previously for the compressibility of gases was used 
for this, the amount of metallic rubidium and caesium available not 
being sufficient to allow the use of the larger apparatus, which would 
otherwise have been desirable because somewhat more accurate 
results may be found with it. The area of the piston of the small 
apparatus was 0.43 cm.’ 

Nine points on the melting curve were found, ranging from 250 to 
3600 kg., and from 44° to 96°. The melting was very sharp and 
affords gratifying evidence of the purity. Thus at the lowest pressure, 
250 kg., there was no perceptible difference in melting pressure be- 
tween 0.1 and 0.9 melted. The sensitiveness was such that a dif- 
ference of 4 kg./cm.* could have been detected, corresponding to 0.08". 

Doubtless the best value for the melting point at atmospheric 
pressure is to be obtained by an extrapolation of the results found at 
high pressures. The extrapolation is short, a matter of five degrees, 
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and may be made with considerable certainty by graphical methods, 
because the curvature of the melting curve is not important. The 
melting temperature at atmospheric pressure found in this way is 
38.7°. This is 0.25° higher than the result found from measurements 
of electrical resistance in glass capillaries (temperature at which the 
metal is half melted), and differs from the electrical result in the di- 
rection to be expected, since any internal stress not a hydrostatic 
pressure equally distributed between solid and liquid results in a 
lowering of the melting point. The melting point given above is 
somewhat lower than the highest previously recorded,” 39.00.° 


Temperature 





Pressure, Kg. / Cm.’ 


Figure 1. Melting data for Rubidium. The circles show the melting 
temperatures (scale on the left) as a function of pressure. The crosses show 
the ob.erved changes of volume (scale on the right) in cm.’ per gm. as a 
function of pressure. 


The changes of volume on melting were determined at the same time 
as the coordinates of the melting curve. The change of volume is 
small, so that the percentage accuracy is not high. However the 
main facts could be established that the change of volume becomes 
less at the higher pressures, and the direction of curvature is the 
normal one, namely convexity toward the pressure axis. 

In Figure 1 are shown the experimentally determined coordinates 
of the melting curve, and in the same diagram the experimental 
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changes of volume; the method of representation is the same as that 
previously used in my melting and transition determinations. In 
Table II are given the smoothed results obtained from these curves 


TABLE II. 
MELTING DaTa FOR RUBIDIUM. 
Pressure Temperature AV Latent Heat 
kg./cm.? Centigrade adT/dp cm.3/gm., kg. m/gm., 
0 38.7° .0209 .0185 2.76 
500 48.7 192 163 2.73 
1000 57.9 178 145 2.70 
1500 66.5 166 130 2.66 
2000 74.5 155 119 2.67 
2500 82.0 146 112 2.72 
3000 89.1 139 106 2.76 
3900 95.9 134 101 2.78 


for the coordinates of the melting curve, the change of volume, and 
computed from these the slope of the melting curve and the latent 
heat of melting. The latent heat varies along the melting curve 
only by small amounts, which is the behavior found for most sub- 
stances. 

The change of volume on fusion and the latent heat do not seem 
to have been previously determined, so that there are no values for 
comparison. 

Resistance. The data to be covered by the resistance measure- 
ments are the effect of pressure at various temperatures on the re- 
sistance of the solid and liquid metal, and the change of resistance 
when the solid melts to the liquid at various points of the melting 
curve. For those measurements in which the solid alone is con- 
cerned the bare wire must be used, but for those which involve the 
liquid, a glass capillary was necessary. 

The manipulation of the bare wire was essentially the same as that 
of potassium. It was extruded through a steel die under Nujol; the 
electrical connections were fine wires of silver, instead of copper, 
pierced through the rubidium wire. Measurements were made as 
follows. First the temperature coefficient of resistance at atmospheric 
pressure was determined. Then pressure measurements were made 
to 12000 kg. and back at 20°. This was the first application of 
pressure, and there was a comparatively large permanent increase of 
resistance. Then a pressure run was made to the maximum and back 
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at 35°, which showed only a small permanent change, and then a 
pressure run at 0°, which showed the smallest set of all. Then 
measurements of the temperature coefficient under pressure were 
made at several high pressures by the cyclic method already de- 
scribed for potassium. Finally the bare wire was measured again for 
the temperature coefficient at atmospheric pressure, this time raising 
the temperature until the wire melted. A reading was obtained with 
the bare wire at 38.4°, but at 38.8° it melted and open circuited, in- 
dicating a melting temperature somewhere between these limits. 

The results obtained with the bare wire were used in calculating 
the finally tabulated values of resistance at atmespheric pressure up 
to the melting point, and the resistance as a function of pressure to 
12000 kg. at O° and 35°. There is a small inconsistency in the finally 
tabulated results which I have not attempted to remove in that the 
temperature coefficients determined from the difference of the pres- 
sure data at 0° and 35° do not agree precisely with the directly deter- 
mined coefficients by the cyclic method. The difference is partly 
perhaps due to the difference of temperature range, but there is 
doubtless also some outstanding experimental error. The results are 
best used as given; the pressure values in discussing the effect of 
pressure at 0° or 35°, and the directly measured temperature coeffi- 
cients in discussing temperature effects at various pressures. 

The measurements in the glass capillary followed the same general 
outline as previously. The capillary was small, perhaps 0.5 mm. 
inside diameter and 4 or 5 cm. long. It was filled while directly at- 
tached to the purifying and distilling apparatus, sealed off, and then 
the upper end broken under Nujol. Measurements were made in 
the first place of the resistance at atmospheric pressure as a function 
of temperature, beginning at 0° on the solid, and running to 95° on 
the liquid. The temperature coefficient in glass to 27° was 0.00477, 
somewhat less than the value found for the bare wire. The difference 
was in the same direction as was also found for potassium, but is not 
as great, corresponding perhaps to the greater mechanical softness of 
rubidium. At a temperature of 36.6° the resistance measurements 
indicate that 1% of the metal is melted; I did not attempt to 
determine the melting point more accurately by this method. The 
resistance of the liquid in glass is a linear function of temperature 
from the melting point up to 95°. The correction by which the 
measured resistances in the glass are reduced to specific resistances 
of the liquid are so small as to be almost negligible, amounting to an 
increase of only 1 in the last place at the highest temperature. From 
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the measurements at atmospheric pressure the ratio of specific resist- 
ance of solid to liquid at atmospheric pressure was obtained, correcting 
for the very slight rounding of the corner by a graphical extrapolation. 

With the capillary, pressure runs were made at 65° and 95° up to 
and just beyond the melting point, so that in addition to the pressure 
coefficient of the liquid we have the ratio of resistance of liquid to 
solid at the equilibrium pressure at these two temperatures. Finally, 
pressure runs were made on the frozen solid to 10000 kg. at 95°, and 
the temperature coefficient determined by a cyclic change of temper- 
ature between 22° and 95° at 5700 kg. The coefficient so found was 
0.00427 in terms of the resistance at 0° (linear extrapolation), which 
is higher than the value found directly with the bare wire. At at- 
mospheric pressure the bare wire has yielded higher coefficients; the 
difference may well be due to the difference of temperature range, 
0° to 17° against 22° to 95°. 

The final results are given in Table III. Here are given the rel- 
ative resistances at different temperatures and pressures in terms of 
the resistance of the solid at 0° and atmospheric pressure as unity. 
Up to the melting point at atmospheric pressure the results tabulated 
are the measured results for the bare wire, with no correction for 
volume distortion. The tabulated value is to be increased by the 
linear thermal expansion in order to obtain the specific resistance. 
This correction will probably amount to 2% of the change due to 
change of temperature, but it is not known accurately enough to 
justify giving final values in terms of it. The values given for the 
resistance of the liquid have, on the other hand, been corrected for 
the changes of form of the glass envelope, so that these give the re- 
lative specific resistances starting from the melting point as the 
fiducial point. The corrections for the glass are small, and amount 
at the highest temperature at atmospheric pressure to only 1 in the 
last place, and at the highest pressure on the liquid (95° and 3500 kg.) 
to only 4 in the last place. At 95° the pressure measurements on the 
solid, having been made with the glass capillary, are of the specific 
resistance. The corrections by which the measured resistances on 
the bare wire may be reduced to specific resistances are large, because 
of the high compressibility of rubidium, and at 12000 kg. amount to 
a decrease of the tabulated resistance by 10%. The precise amount 
may be found from the values given later for the volume. 

The ratio of resistance of liquid to solid is also given in Table III 
for 1, 1470, and 3425 kg. Since there is no change of volume of the 
container during melting at constant pressure and temperature, these 
values are the ratios of the specific resistances. 
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Cubic Compressibility. Two methods were used. The first was 
the method of determining linear compressibility already used for a 
number of metals. The apparatus and the methods of measurement 


TABLE IIL. 


RESISTANCE OF RUBIDIUM. 


























At atmospheric pressure Behavior under Pressure 
Temp. Rel. Resis. pare ey — —" in = 
0° C. 1.000 Solid 0 1.000 1.205 2.195 2.417 
10 1.046 500 1.983 2.173 
20 1.099 1000 .845 .982 1.823 1.984 
30 1.165 1500 1.679 1.827 
38.7 1.235 2000 .733 . 840 1.695 
38.7 1.990 Liquid 2500 1.578 
40 2.000 3000 .648 . 740 1.472 
60 2.148 3425 1.381* 
80 2.295 .879T 
100 2.443 3500 871 
4000 . 583 . 663 . 820 
5000 .531 . 602 . 732 
6000 .490 . 553 . 663 
7000 .456 .514 . 609 
8000 .428 .481 . 565 
9000 .406 .455 . 529 
10000 387 .434 .499 
11000 342 .418 * Liquid 
12000 . 360 .406 t Solid. 
Rati Resis. Liquid 0 kg. 1470 kg. 3425 kg 
ee Resis. Solid 1.612 1.608 1.571 
Temperature Coefficient of Solid 
Bare Wire, 0°-17°, 0.00481, 0 kg. In Glass, 
.00385, 5700 kg. 22°-95°, 0.00427 
.00365, 11000 kg. at 5730 kg. 











were the same as previously used. The rubidium was pressed into 
the shape of a regular cylinder about 7 mm. long, and mounted in the 
apparatus for direct measurement without lever magnification. 
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Measurements were made to 12000 kg. at 0°. The difficulty with the 
method is a mechanical one due to the softness of the rubidium. There 
is danger of mechanical deformation during the assembling of the 
apparatus or during the application of pressure because of the vis- 
cosity of the transmitting medium. Because of the extreme compressi- 
bility of rubidium it is necessary to use specimens short compared 
with their length, and this may be responsible for a special sort of 
error due to deformation. The cylinder of rubidium is compressed 
between flat plattens of steel. Between the steel platten and the 
rubidium there is a thin film of oil. When pressure is applied the 
rubidium shrinks transversely more than the steel platten, so that 
there is relative slip tangentially to the platten. This slip is resisted 
by the viscosity of the oil. At high pressures, where the viscosity is 
great, this may result in an actual deformation of the rubidium, 
which becomes stretched transversely with respect to its natural 
figure, so that the accompanying decrease of length is too great, 
resulting in a too great measured compressibility. This is what was 
actually found, the compressibility determined by the linear method 
being greater above 8000 kg. than that determined by the other 
method. 

The second method was by measuring the motion of the piston of 
the compression cylinder, as already explained. ‘Two different fillings 
of the apparatus were used. The first employed about 4.5 gm. of 
rubidium, and was the same filling with which the melting curve data 
were obtained. This quantity of rubidium was so great, however, 
that the maximum pressure obtainable was 11000 kg. A second filling 
was therefore made, removing about 1 gm. of rubidium and replacing 
it by a steel core. This made it possible to reach 15000 kg. Runs 
with these two fillings were made at 50° and 95° especially to deter- 
mine compressibility, in addition to the runs made with the first 
filling especially to determine the melting data. For some reason 
not definitely discovered the changes of volume obtained with the first 
filling were about 10% greater at the maximum than those obtained 
with the second. Since those obtained with the second filling agreed 
essentially with the results obtained by the other method, they were 
retained, and the first discarded. Attempts were made to obtain the 
thermal expansion as a function of pressure, but the measurements 
were not sufficiently accurate to give good values. The difficulties 
with the manganin measuring gauge are increased with the small 
apparatus and it was chiefly the uncertainty due to the shift of zero 
with changing temperature that was responsible for the lack of ac- 
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curacy. Very likely this increased difficulty found with the small 
apparatus is not at all inherent in the size of the apparatus, but is due 
to the fact that the pressure range was 15000 and often 16000 kg. 
against the former 12000. ‘This produces strains in the wire due to the 
viscosity of the transmitting medium which may result in a capricious 
shift of the zero. The greater pressure range is also responsible for a 
greatly increased elastic hysteresis in the deformation of the steel 
cylinder, which is not conducive to accuracy. 

The final results for decrease of volume as a function of pressure 
to 15000 kg. at 50° C. are given in Table IV. Only three significant 
figures can be given, against the four which have been possible in 
most of the previous work. ‘The volume at 0 pressure was obtained 
by extrapolation. 


TABLE IV. 
VOLUME OF RUBIDIUM UNDER PRESSURE. 
Pressure Relative Volume at 
kg./cm.? 50° C. 
0 1.000 
1000 . 953 
2000 .914 
3000 .883 
4000 . 857 
5000 . 836 
6000 .819 
7000 . 803 
8000 .789 
9000 777 
10000 . 766 
11000 756 
12000 . 746 
13000 130 
14000 .729 
15000 721 


With regard to thermal expansion under pressure, one may make 
the following rough statement with some assurance; up to 7000 or 
8000 kg. the thermal expansion is fairly constant, but beyond this 
it drops rather abruptly, falling to one-half or one-third its initial 
value at 15000. 

The initial compressibility of rubidium to be deduced from the 
Table is 0.000052, greater than that of water. This compressibility 
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is much higher than the only previously published value, 0.000040 by 
Richards.” The difference is doubtless due to impurity. Richards’ 
rubidium contained so large an amount of potassium that it was liquid 
at room temperature, so that the compressibility measured was of the 
liquid alloy. From the densities, assuming no contraction on mixing, 
Richards estimated that one-third of the total was potassium, and the 
probable error seemed to him so high that in his summary he tabulated 
only one significant figure for the result. 

Attempts were also made to measure the compressibility of the 
liquid, but the wandering of the zero prevented accuracy. From the 
difference of slope of the volume curves above and below the melting 
point it is possible to say that at 56° the liquid is about 0.000006 more 
compressible than the solid, and at 96° 0.0000045. 


CAESIUM. 


Melting Data. The general method of handling this substance was 
the same as for rubidium. In determining the quantity of caesium 
by weighing under Nujol, the density of caesium at 0° was assumed 
to be 1.88. This seems to be the most probable value to be deduced 
from the measurements of Richards " and others, but the accuracy 
is not as great as in the case of rubidium. 

Four points on the melting curve were determined, ranging from 
250 kg. and 35° to 3700 kg. and 95°. In addition, a point was deter- 
mined from the resistance measurements at 96° which coincides within 
the sensitiveness of the readings with the value found by the method 
of changing volume. The melting was not quite as sharp as for ru- 
bidium, but the melting pressure at 35°, for example, varies by 40 kg. 
between 0.1 and 0.9 melted, corresponding to a temperature shift 
of 1.0°. Of course the temperature of beginning of freezing or end 
of melting is to be taken as the correct melting temperature. The 
melting point at atmospheric pressure, extrapolated from the high 
pressure readings as in the case of rubidium, was 29.7°. This is 
considerably higher than previous values, and is evidence of high 
purity. 

The change of volume is of the same order of magnitude as for 
rubidium, and values even more satisfactory were obtained. 

In Figure 2 are shown the observed coordinates of the melting 
curve and the changes of volume, plotted in the usual way. The 
smoothed results taken from these curves are shown in Table V, 
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TABLE V. 
MELTING DaTA FOR CAESIUM. 
Pressure Temperature AV Latent Heat 
kg. /cm.? Centigrade aT/dp cm.3/gm., kg m./gm. 

0 29.7° .0250 .0136 1.65 
500 41.4 221 118 1.68 
1000 51.9 199 105 1.72 
1500 61.4 183 96 1.76 
2000 70.2 168 88 1.80 
2500 78.3 155 83 1.88 
3000 85.7 141 78 1.99 
3500 92.4 128 75 2.14 
4000 98.5 117 72 2.29 


together with the values computed from them for the slope of the 
curve and the latent heat of melting. This latter shows perhaps 


Temperature 





Pressure, Kg. / Cm.’ 


Figure 2. Melting data for Caesium. The circles show the melting tem- 
peratures (scale on the left) as a function of pressure. The crosses show the 
observed changes of volume (scale on the right) in cm. per gm. as a function 
of pressure. 
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more tendency than usual to change with pressure, becoming greater 
at the higher pressures. 

Resistance. More time was spent in making the resistance meas- 
urements of caesium than all the other measurements of this paper, 
The measurements extended over three years, and were made on 
material from a variety of sources. The reasons for this have already 
been outlined and need not be reiterated. The final results to be 
given here were obtained with the purest material. There are no 
inconsistencies between the final and the preliminary results which 
are not explicable by impurities or improper manipulation. 

The bare wire was obtained by extrusion out of the glass tube into 
which it was distilled after the final purification. One end of this 
tube was drawn out to the internal diameter desired for the wire 
(about 0.15 cm.), both ends of the tube were opened under Nujol, 
and the caesium was extruded by means of a plunger fitted with a 
closely fitting leather washer, so that the pressure which compelled 
the extrusion was transmitted to the caesium through an inter- 
mediate layer of oil. The metal is so soft that the extrusion was 
easily made holding the glass tube and the plunger in the hands. The 
extreme softness of course makes the various manipulations of as- 
sembly difficult, but ordinary care, without the use of special mechan- 
ical devices, is sufficient to surmount them. The leads were fine silver 
wires, as in the case of rubidium, and the subsequent manipulation 
was similar. 

With this bare wire the temperature coefficient at atmospheric 
pressure was first determined from 0° to 10° and back to 0°. A 
pressure run was then made at 0°, locating carefully the position of 
the minimum of resistance, which was shown to be reversible by 
releasing the pressure a thousand kilograms or so after locating the 
minimum, and then proceeding to 12000 kg. with readings vack to 
zero. Between 4000 and 6000 on the first increase of pressure there 
was a permanent increase of resistance of about 30%, due without 
question to distortion of the wire by the viscous transmitting medium. 
When corrected by this constant factor the initial results below the 
minimum of resistance agreed with the final results obtained with 
decreasing pressure. However, the pressure at which the minimum 
occurred was not the same with decreasing as with increasing pressure, 
but was about 400 kg. higher. I was never able to get entirely satis- 
factory values for the pressure of the minimum, which always varied 
somewhat. Doubtless the effect is due to internal strains set up by 
the transmitting medium. It is curious that more consistent values 
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for the pressure of minimum resistance were found when the caesium 
was enclosed in a glass capillary than with the bare wire, although 
there were other fluctuations which were greater. The values listed 
as final in the following for the resistance of the solid under pressure 
are based essentially on the measurements obtained with decreasing 
pressure at 0° on the sample just described. 

With this same bare wire the temperature coefficient of resistance 
was obtained at several pressures up to 11000 kg. by cyclic change of 
temperature from 0° to 10° to 0° again. The return to zero resistance 
was always exceedingly good, and these temperature coefficients may 
be accepted with considerable confidence. 





Temperature 


FicurE 3. The resistance of solid caesium as a function of temperature 
at atmospheric pressure. Observe that up to 26° no premature melting is 
detectable. 


The measurements on this bare wire were terminated by an attempt 
at a pressure run at higher temperatures, during which the wire was 
accidentally allowed to melt. 

A number of readings were now obtained with a filling of a glass 
capillary, manipulated like the capillary of rubidium. First the 
temperature coefficient at atmospheric pressure was found below 
and through the melting point up to 95°. The values of the resist- 
ance up to the melting point shown in Figure 3 gave an idea of the 
sharpness of the melting. As before, the coefficient of the solid in 
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glass was found to be less at atmospheric pressure than the coefficient 
of the bare wire; the bare wire over the common range, 10°, yielded 
a coefficient 10% higher. The results given in the final table for the 
resistance of the solid between 10° and the melting point are based 
on the values obtained with the glass capillary, corrected by a factor 
of 10%. The melting was sharp, as shown by the resistance measure- 
ments, at least judged by the usual standards. At 26.2° there was 
no premonition of melting, all the points lying on a smooth curve, 
but at 27.6° there was a jump in resistance corresponding to a pre- 
mature melting of 1/60 part of the whole. Melting was completed 
somewhere between this temperature and 29.9°. These values are 
consistent with those found under pressure by the change of volume 
method. Above the melting point the change of resistance of the 
liquid in glass is linear with temperature up to 95° at least, with an 
error not more than 0.2%. The pressure coefficient of resistance of 
the liquid in glass was determined up to the melting point at 63°, 
and at 96° through the melting point and up to 11000 kg. The ex- 
pected minimum of resistance of the solid shortly beyond the melting 
point was found. The temperature coefficient of the solid in glass 
was also found by the cyclic method between 20° and 95° at 9100 kg., 
and was considerably greater than found for the bare wire. This also 
agrees with the behavior of the temperature coefficient found for 
rubidium. Of course the value for the bare wire is to be preferred. 

The ratio of resistance of liquid to solid at the normal melting point 
and at 96° was found to be 1.660 and 1.695 respectively. Again the 
variation of this ratio along the melting curve is slight compared with 
the variation of other properties. 

The final results are shown in Table VI and Figure 4. The re- 
sistance of the solid at atmospheric pressure up to the melting point 
is first given. Thisis the measured resistance. To convert to specific 
resistance correction must be made for the linear thermal expansion, 
which is about 0.00011. Above the melting point the results tabu- 
lated are the specific resistance of the liquid, the directly observed 
values not differing appreciably from the corrected values. The 
pressure measurements on the solid at 0° are measured results for the 
bare wire. These results may be converted to specific resistances by 
correcting by the linear compressibility, to be given in the next sec- 
tion. At 12000 kg. this correction will produce a decrease of re- 
sistance of about 11%. The effect of the correction is to make the 
pressure of the minimum of specific resistance higher than the pressure 
of minimum of observed resistance. 
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In the table are also given the resistances of the liquid (specific) 
as a function of pressure up to the melting point at 63° and 96°. The 


























TABLE VI. 
RESISTANCE OF CAESIUM. 
At Atmospheric Pressure Menavier uncer Sees 
ceecetuaell Uo toe el ce 
0° C. 1.0000 0 1.000 2.099 2.280 
5 1.0247 500 1.934 2.094 
10 1.0496 1000 . 863 1.815 1.955 
15 1.0748 1500 1.721 1.851 
20 1.1002 2000 .779 1.770 
25 1.1258 2500 1.721 
29.7 1.1507 Solid 3000 .729 1.661 
1.910 Liquid 3500 1.625 
30 1.912 4000 . 709 
65 2.108 5000 .713 
100 2.304 6000 .728 
7000 . 756 
8000 . 794 
9000 .833 
10000 .879 
11000 .931 
12000 .994 
Rati Resis. Liquid 0 kg. 3780 kg. 
at’) Resis. Solid «1.660 1.695 
Temperature Coefficient of Solid. 
oy | ee Solid inGass 
0 0.00496 Mean coefficient 0° tc 96° at 9100 kg., 
2000 434 extrapolated from results between 21° 
4000 388 and 96° is 0.00463. 
6000 366 
8000 367 
10000 386 
12000 418 











correction for changing from observed to specific resistance is 0.08% 
per 1000 kg. 
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The temperature coefficient of the solid bare wire between 0° and 
10° is given as a function of pressure, and in Figure 5 are plotted the 





Pressure, Kg. /Cm.? X 10° 


Ficure 4. The relative resistance of solid caesium (bare wire) as a fune- 
tion of pressure at 0° C. 


experimental values on which these are based. It will be seen that, 
like the resistance, the temperature coefficient passes through a mini- 
mum, but the pressure of the minimum is higher than the pressure of 
the minimum of resistance. 
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Figure 5. Mean temperature coefficient of resistance between 0° and 10° 
of bare caesium wire. 


The ratio of resistance of liquid to solid is given at two points on the 
melting curve. 
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In Figure 6 is given the pressure of minimum resistance as a function 
of temperature. In this diagram are included some points obtained 
in some of the preliminary runs with caesium in glass. The agree- 
ment of the results so obtained with increasing and decreasing pressure 
seems to warrant their retention, although no other of the readings 
obtained with this material have been incorporated in the final 
results. It will be seen that these results show considerable spread; 
the probable explanation in terms of internal strains has already been 
given. In view of these irregularities it is probable that the values 
listed here for the resistance of the solid as a function of pressure 
have not a high degree of accuracy; there should be no such error in 
the resistances of the liquid. 
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FiGURE 6. The pressure of the minimum resistance of caesium in kg/em? 
plotted as ordinate against temperature. The open circles were obtained 
with decreasing pressure and the diagonal crosses with increasing pressure on 
caesium in glass. The rectangular crosses were obtained with increasing 
pressure and the dot with decreasing pressure on bare wire. 


Compressibility. As in the case of rubidium, the compressibility 
was determined by the two methods of linear compressibility and 
cubic compressibility by piston displacement. 

The difficulty found with the rubidium due to distortion in using 
the method of linear compressibility was very much accentuated in 
the case of caesium because of its greater softness, and the high 
pressure results had to be entirely discarded. Below 2000 kg., 
however, the results found by this method seem to be reliable, and 
they were used to supplement the results by the other method, which 
could not be extended below 1000 kg. 

Measurements by the piston method were made with one filling of 
the apparatus, using 4.3 gm. of caesium, to a maximum pressure of 
nearly 16000 kg. at 50° and 95°, in addition to the low pressure runs 








410 BRIDGMAN. 


made to obtain the melting data. The results finally given for the 
changes of volume in Table VII are based on the data obtained at 
50°, these being somewhat more regular than the data at 95°. It was 
possible also to obtain readings on the compressibility of the liquid 
at 75°, which are also given in the Table. The liquid is not very 
much more compressible than the solid. 

The values listed in the Table are changes of volume in cm.? for 
1.88 gm. of metal. The results given in this way were directly ob- 


TABLE VII. 

VoLUME DECREMENTS OF CAESIUM UNDER PRESSURE. 
Pressure Volume Decrement in cc. per 1.88 gm. 
kg./cm.? 50° C., solid 75° C., liquid 

0 .000 . 000 
500 .035 

1000 .059 . 063 

1500 . 086 

2000 .102 .107 

3000 .134 

4000 .161 

5000 .184 

6000 . 204 

7000 . 223 

8000 . 240 

9000 . 299 

10000 . 269 
11000 . 282 
12000 . 294 
13000 . 306 
14000 .317 
15000 .328 


tained from the experimental results without using any hypothetical 
values for the thermal expansion. 1.88 gm. is very approximately 
the amount of caesium that occupies 1 cm.’ at 0° C. at atmospheric 
pressure, so that the values listed in the Table are approximately 
fractional changes of volume. 

The initial compressibility at 50° to be deduced from the Table is 
0.0000070. Richards ® gives for the average compressibility between 
100 and 500 kg. 0.000060. He finds a more rapid decrease of com- 
pressibility with pressure than I do, giving for the average com- 
pressibility between 100 and 300 kg. 0.000067, and between 300 and 
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500 0.000053. <A linear extrapolation would give 0.000081 for the 
initial compressibility. However, a detailed examination of Richards’ 
data will show that his pressure coefficient of compressibility is in 
great doubt, and the agreement of our results is probably as close 
as could be expected. 

Satisfactory numerical results could not be obtained for the vari- 
ation of thermal expansion of the solid with pressure, but roughly, 
the behavior is of the same nature as that found for rubidium, the 
rapid decrease in expansion beyond 8000 or 9000 kg. being even more 
pronounced. 


DIscuUSSION OF RESULTS. 


We now have the data in hand for all the alkali metals, so that 
this discussion may well be concerned with a comparison of the 
properties of all of them. 

The volume relations are the simplest, and first engage our atten- 
tion. The volumes of all the alkali metals are shown in Figure 7 as 
a function of pressure. I have chosen somewhat unusual units for 
the volume, namely a volume proportional to the average space oc- 
cupied by each extra-nuclear electron. This volume is obtained 
from the atomic volume (volume in cm.’ of a number of grams equal 
to the atomic weight) by dividing by the atomic number, or number 
of extra-nuclear electrons. This quantity I shall denote by the ab- 
breviated expression “electronic” volume. The electronic volume 
seems somewhat better adapted to bring out certain relationships 
than the atomic volume. The values adopted for the electronic 
volumes at 0° C. at atmospheric pressure for Li, Na, K, Rb, and Cs 
are respectively 4.37, 2.15, 2.39, 1.507, and 1.284 cm.” 

The figure brings out an abnormality in the volume of potassium, 
which is between that of Na and Li, instead of between Na and Rb. 
This abnormality disappears, however, above 10000 kg., where the 
curves for Na and K cross. That the abnormality is to be ascribed 
to K and not to Na is made evident by some of the later curves. 

The initial compressibilities at 0° of the 5 metals in order are 
0.0;87, 0.0,157, 0.0.855, 0.0.52, and 0.0.70. By multiplying these 
by the electronic volumes we obtain numbers proportional to the 
actual loss under an external pressure of 1 kg./em.? of the average 
space occupied by 1 electron. The “electronic”? compressibilities 
found in this way are 0.0.38, 0.0.34, 0.0.85, 0.0.78, and 0.0,90 re- 
spectively. It is interesting that the electronic compressibilities of 
the three heavier metals, in which the electrons are much more closely 
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packed, is much larger than that of the two lighter metals, which 
have a much more open structure. This difference is the opposite 
of what one might expect. The difference is very much exaggerated 
if one calculates the atomic compressibility (ordinary compressibility 


Pressure, Kg. /Cm.? X 10° 


FicgurE 7. The electronic volumes (atomic volume divided by atomic 
number) in cm. at 0° C. of the five alkali metals as a function of pressure. 


multiplied by atomic volume) in place of the electronic compressi- 
bility, the factor of variation through the series of five metals being 
40 instead of 3. 

Under high pressures, the anomaly disappears. The electronic 
compressibilities are respectively 0.0.30, 0.0.25, 0.0.50, 0.0.18, and 
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0.0.19 at 12000 kg. Potassium occupies a highly anomalous position; 
except for this, the behavior under high pressure is as we would ex- 
pect, the loss of volume per electron for a given increment of external 
pressure being less in the more complex and closely packed structure. 
The reversal of the effect at high pressures may be roughly described 
as a removal by the pressure of the “slack”’ which initially exists in 
the more complicated structures. Because the electronic compressi- 
bilities are much more nearly constant than the atomic compressi- 
bilities (both at 1 and 12000 kg.), it suggests itself that a more fruitful 
line of attack on the problem of the constitution of solids may be 





Pressure, Kg. /Cm.’ X 10° 


: a asi s 1 f ov — 
Figure 8. The instantaneous compressibilities : ( oy ) at O° C. cf the 
/ t 


five alkali metals as a function of pressure. 


found by neglecting the atomic structure and considering the solid 
merely as an aggregate of electrons (and nuclei). In fact, these 
volume relations show at high pressures a very rough similarity to 
the gas law, particularly those of Rb and Cs. 
; — 1 / Ov 
The instantaneous compressibility, — roa at 0° C. as a func- 
v Opt 
tion of pressure is shown in Figure 8. This brings out strikingly 
again the anomalous position of A; it is evident from the figure that 
the anomaly is not to be ascribed to Na. Figure 8 has an important 
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bearing on a suggestion of Professor Richards“ with regard to com- 
pressibility at high pressures. His conception of internal pressure 
has led him to the view that a relatively incompressible metal 
at low pressures behaves like a more compressible metal at higher 
pressures. He applied this conception quantitatively to my data 
for Na and K, which were then available. An extrapolation equa- 
tion for the volume of 1 gm. of K was found such that it fitted 
on smoothly at 18000 kg. with the volume of a certain weight of Na, 
starting from atmospheric pressure. The question now before us is 
whether this is a general relation between all the alkali metals. It 
is evident that if this were the case it should be possible to join 


1 , 
smoothly together the curves of (2) for the different metals, 
v P/JT 


merely by sliding them along the pressure axis, without change of 
ordinate. Now the figure makes it perfectly obvious that this is not 
the case, because the curves cross, whereas there would be no crossing 
if the supposed relation held. We conclude, therefore, that there 
are very important individual differences between the alkalis which 
become accentuated as the electronic structure becomes more tightly 


packed. The figure shows a crossing of the (=) curve of K by 
v P/JT 


that of Rb and Cs, indicates that in another 1000 kg. the curve for 


Rb will cross that of Na, in another 5000 kg. Cs will probably cross, 
and it is not unlikely that Cs will cross Rb, and eventually both of 
these cross Li. This is all as one might expect; the surprising and in- 
explicable result is the persistent compressibility of K. This again 
lends color to the surmise that I have already expressed several times 
that K may have another polymorphic modification at high pres- 
sures. 

The melting phenomena of the five metals next engage us. In 
Figure 9 are shown the melting curves. At atmospheric pressure the 
order of the melting points is the inverse of that of atomic weights 
(or atomic number) but again under pressure K is anomalous, and 
above 10000 kg. its melting point is higher than that of Na. Rb and 
Cs fall naturally in the sequence; the initial rise of melting point with 
pressure is greater than for the other metals, as one would expect. 
The fractional changes of volume on melting do not show the same 
regularity as some of the other properties, and I do not give a figure 
forthem. At atmospheric pressure the order of the fractional changes 


1S: 
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Fractional Change of 

Metal Volume on Melting 
Li 0.0060 
Ka .0231 
Cs .0256 
Na .0271 
Rb .0284 


At higher pressures there is a complicated interchange of positions; 
the curve for Rb crosses that of Na and practically coincides with that 
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Pressure, Kg. /Cm.’ X 10° 


Ficure 9. The melting temperatures as function of pressure of the five 
alkali metals. 


of K from 2000 to 4000 kg., Cs drops below K but acts as though it 
might rise above it again, and the curve for K drops off at high pres- 
sures with abnormal rapidity, which is one of the pieces of evidence 
for a new polymorphic modification. With the exception of Li, the 
approximate equality of the fractional changes of volume on melting 
is interesting, and suggests a fundamental similarity. 
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The latent heats of melting are also interesting. At atmospheric 
pressure these are as shown. 






Latent Heat of Melting, 








Metal in kg. m. per gm. atom 
Li 49. 
K 215. 
Cs 219. 
R 236. 









Na 271. 








Again, except for Li, the approximate equality is striking. There is 
no connection here with the sequence of atomic weights, any more 
than there was for the change of volume. At high pressures, the 
behavior is complicated. The latent heat of Na is roughly constant, 
Cs rises rapidly, crossing Rb and Na, Rb is approximately constant 
but falls to a slight minimum at 2000 kg, while K again shows pro- 
nounced variation, rising to a maximum near 4000 and then falling 
rapidly to 18.9 at 12000 kg. 

One may say in general that the melting data in the alkali group 
do not show as regular variations as do the compressibilities. 

Finally we have to consider the electrical resistance under pressure. 
In Figure 10 are shown the relative resistances of the five metals at 
0° C. as a function of pressure. In spite of their apparent complexity, 
there is an underlying regularity in the curves. There is a turning 
point for the electrical properties somewhere between K and Rb. 
This may be seen by plotting at any fixed pressure the decrement of 
resistance for the various metals as ordinate against atomic number 
(for example) as abscissa. The same sort of turning point is also 
shown on plotting the “conductivity per atom” at a definite reduced 
temperature against atomic number. This is described more in 
detail in my report to the fourth Solvay Conference on Metallic 
Conduction. 

The diagram suggests the query whether all the alkali metals 
will ultimately, at pressure high enough, increase in resistance. This 
involves an extrapolation of the curves. Such an extrapolation is 
not easy; we may obtain a more satisfactory indication by extra- 



























= 1/oR 
polating the instantaneous pressure coefficient —({ — } ._ If the re- 
k\ dp /r 
sistance has a minimum, the curve of the coefficient must cross the 
axis to become negative. It will be seen in Figure 11 that it 1s not 
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improbable that Rb may cross the axis, and so have a minimum 
resistance, but it is much more uncertain in the case of K. The re- 
versal of curvature shown by Cs on the negative side of the axis is, 
however, of great significance. If there should be a similar reversal 
for the other metals, they would all, of course, have minima. 

It is an interesting question whether the minimum resistance of 
Cs is a function of the crystal structure of the solid, or whether it 
would be shown by the liquid also if pressure could be raised high 





Pressure, Kg. /Cm.2 X 10° 


FicureE 10. The relative resistances at 0° C. of the five alkali metals as a 
function of pressure. 


enough without freezing. Figure 12 is an attempt to answer this 
question. Here are plotted the resistances under pressure of solid 
and liquid Cs at 95°, the resistance of the liquid being multiplied by 
1/1.704 to remove the discontinuity at the melting point. The curves 
for solid and liquid are seen to join together continuously without 
change of slope at the melting point. It is therefore probable that 
the resistance of the liquid would also pass through a minimum if the 
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pressure could be raised high enough without freezing, and we may 
draw the conclusion that the minimum does not involve the par- 
ticular mechanism of the solid crystal. 

The minimum resistance of Cs cannot but be of great signifi- 
cance for theories of conduction. It indicates that the conduction 





Pressure, Kg. /Cm.’ X 10° 


. — , , 1f OR 
FicurE 11. The instantaneous pressure coefficient of resistance R\ ap J: 


at 0° C. X& 10° as a function of pressure for the three most compressible 
alkali metals. 


mechanism is not simple, but that there are several factors involved, 
which may be affected by pressure in different ways. With regard 
to my own theory, which has been developed in several papers,” 
it merely drives me more strongly to a view which other phenomena 
have been more and more insistently suggesting. This is that the 
conduction electron, in its way through the metal is effectively con- 
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fined to certain tracks through the atoms (probably in some cases 
between them) and that passage from atom to atom cannot be 
affected unless the tracks in adjacent atoms are in alignment. Under 
high pressures the atoms may in some cases, depending on the de- 
tailed structure of the atom, be so distorted or rotated that the 
tracks get out of alignment, and the resistance increases. Such a 





0 | 2 3 4 5 6 7 8 9 ~~ Hs 12 
Pressure, Kg. /Cm.’ X 10° 


Ficure 12. The resistance on an arbitrary scale as a function of pressure 
of liquid and solid caesium at 95°. The resistance of the solid has been 
multiplied by such a factor as to remove the discontinuity at the melting 
point, which takes place at the pressure shown by the vertical line. The 
smoothness of the curve indicates that the crystal arrangement plays a minor 
part in the resistance phenomena of this metal. 


condition would be especially anticipated in caesium because of its 
high compressibility and complicated structure. The tracks them- 
selves, it is natural to think, are the result of some sort of quantum 
Phenomenon. It is possible that the track within the atom should 
itself be unfavorably modified by the distortion of the atom due to 
high pressure, but this would be expected to occur at considerably 
higher pressures than the peripheral effect, and may probably be 
disregarded in a first discussion. 
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SUMMARY. 


The following new data are presented for rubidium and caesium: 
the cubic compressibility to 15000 kg./cm.?, the melting data (vari- 
ation of melting temperature with pressure and the change of volume, 
permitting a calculation of the latent heats) to 100°, and the elec- 
trical resistance of both solid and liquid as a function of pressure 
between 0° and 100° to 12000 kg./cm.? 

In addition to the new data for rubidium and caesium, the elec- 
trical resistance of potassium under pressure has been redetermined; 
the new measurements were made with bare wire. The old measure- 
ments were made on potassium in a glass capillary, which exerted a 
constraining action. The new results do not show the great decrease 
of temperature coefficient at high pressures formerly found. 

In the discussion, the properties of all the alkali metals are com- 
pared. The “electronic”? volumes (atomic volume divided by the 
number of extra-nuclear electrons) is plotted as a function of pressure. 
Potassium is anomalous at low pressures, its volume being between 
that of lithium and sodium, but the anomaly is wiped out at high 
pressures. ‘The compressibility of potassium is also anomalous, the 
rate of decrease at high pressures being much less than for the other 
metals. In general, the pressure volume relations of a compressible 
alkali at high pressures are not similar to those of a less compressible 
alkali at lower pressures. The melting of potassium is also anoma- 
lous; at high pressures its melting point becomes higher than that of 
sodium. Attention is directed to the fact that with the exception of 
lithium the fractional changes of volume on melting of all the alkali 
metals are nearly the same, as are also the latent heats per gm. atom. 
The small scale variations of these quantities with pressure are ir- 
regular. 

The resistance of caesium is found to pass through a minimum 
with increasing pressure. Comparison of measurements on solid and 
liquid suggest that this minimum is probably not connected with the 
crystalline structure of the solid. Comparison with the resistance of 
the other alkalies under pressure suggests that at sufficiently high 
pressures the resistance of rubidium may also pass through a minimum, 
and if the reversal of curvature shown by caesium at high pressures 
should be a property of the other metals, all of them may have minima 
at sufficiently high pressures. The general significance of this for a 
theory of electronic conduction is discussed. 
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